Abstract We have measured significant genetically determined variation in biomass composition among breeding populations of shrub willow, a biomass feedstock crop. This project was aimed to ask whether patterns of cell wall gene expression can be correlated with genetic variation in biomass composition at harvest, in order to develop assays of early differences in gene expression as indicators of harvestable biomass chemical composition and potentially reduce the time of selection for new willow genotypes. Previous studies have demonstrated that manipulation of expression of cell wall biosynthetic genes results in altered biomass chemical composition. We analyzed genes encoding enzymes involved in lignin biosynthesis and carbohydrate active enzymes selected based on their functional characterization and conservation in Populus trichocarpa and Arabidopsis thaliana. Fragments of 20 genes were cloned from young stem cDNA of Salix sachalinensis and Salix miyabeana. Expression profiling in willow stem apical tissue and developing stem tissue was performed for each isolated gene using probe-based quantitative real-time PCR. Two willow parental genotypes and six progeny within a hybrid family were selected for analysis, and significant differences in expression among the individuals and between tissue types were observed for most of the genes. Significant correlations between patterns of gene expression and variation in the biomass chemical composition of those genotypes provide insight into the genetic regulation of lignocellulosic deposition in this important bioenergy crop and could be utilized as a tool for early selection of new genotypes.
Introduction
For cellulosic feedstock crops, biomass chemistry is largely a reflection of cell wall composition, which is determined by the pathways associated with the biosynthesis of cellulose, hemicellulose, pectin, and lignin. Since the cell wall is an essential component for plant development, defense, and structural integrity, it has evolved to be highly recalcitrant to most biochemical deconstruction processes necessary for obtaining the simple component molecules that can be efficiently converted to biofuels and bioproducts (Himmel et al. 2007) . Whether conversion processes involve biochemical means, such as fermentation into alcohols, or thermochemical conversion into heat and power, feedstock chemistry will play a role in the efficiency of the conversion process. Biochemical conversion methods exploit the polysaccharide component of the biomass, therefore increasing sugar content and yield by reducing cross-linkages with lignin that will reduce pretreatment costs. On the contrary, lignin content in biomass can be Communicated by A. Brunner Electronic supplementary material The online version of this article (doi:10.1007/s11295-011-0462-7) contains supplementary material, which is available to authorized users.
highly beneficial in the thermochemical conversion process by adding to the heat value of the biomass and contributing to the quality of products produced through gasification or pyrolysis. The development and genetic improvement of biomass chemical composition of perennial woody bioenergy crops, such as those in the family Salicaceae, poplar (Populus spp.), and fast-growing shrub willow (Salix spp.), will be expedited by a thorough understanding of the genes involved in cell wall biosynthesis and the molecular basis for their regulation leading to variations in biomass chemical composition. In order to identify candidate genes and develop molecular tools for early selection in breeding of new varieties of shrub willow with biomass chemical composition optimized for conversion, it is important to understand the molecular regulation of cell wall biosynthesis, including key biosynthetic genes.
Over 1,600 genes encoding carbohydrate active enzymes (CAZymes, Coutinho et al. 2003) and more than 34 genes involved in phenylpropanoid metabolism and lignin biosynthesis have been identified in the Populus trichocarpa (Torr. & Gray) genome, highlighting the complexity of cell wall biosynthesis and the concomitant annual development of secondary xylem in perennial species Geisler-Lee et al. 2006; Tuskan et al. 2006) . Phenylpropenoid metabolism and monolignol biosynthesis have been well studied in both Populus ssp. and Arabidopsis thaliana (Campbell and Sederoff 1996; Boerjan et al. 2003; Vanholme et al. 2008) . In addition, a large effort has been devoted to altering lignin content in woody species, such as poplar, through genetic engineering (Dinus et al. 2001; Boerjan 2005) . Reverse genetics and the use of mutants in A. thaliana have been very successful in elucidating the pathways involved in the biosynthesis of the cell wall and the key CAZymes involved with polysaccharide synthesis Orfila et al. 2005; Atanassov et al. 2009; Brown et al. 2009 ). Twenty-five xylem-specific glycosyltransferases (GT) belonging to the CAZyme families GT2, GT8, GT14, GT31, GT43, GT47, and GT61 were successfully identified using microarrays designed from tissuespecific libraries of Populus tremula × Populus tremuloides (Aspeborg et al. 2005) . Genes from these families have also been identified as key genes in cell wall biosynthesis in Populus trichocarpa and A. thaliana (Aspeborg et al. 2005; Geisler-Lee et al. 2006; Dharmawardhana et al. 2010) .
Since neither a method of genetic transformation and regeneration nor a sequenced genome is available for shrub willow, traditional breeding strategies for genetic improvement rely on selection for phenotypic variation in cell wall composition. This natural variation can be used as a means to identify candidate genes regulating cell wall structure and chemistry through linkage mapping, candidate gene analysis, or association mapping (González-Martínez et al. 2007; Ranjan et al. 2010; Thumma et al. 2010) . However, there have been very few direct correlations of candidate gene expression profiles with variation in cell wall composition among natural or bred populations of Populus (Voelker et al. 2010; Wegrzyn et al. 2010) .
In this study, we have focused on patterns of mRNA accumulation of structural genes that are likely to have an impact on cell wall compositional changes. The cellulose synthase (EC 2.4.1.12; CesA) gene family and a small number of gene family members associated with noncellulosic polysaccharides, including UDP-glucose dehydrogenase (EC 1.1.1.22; UDP-GD), were chosen for analysis in this study. In addition, three major lignin biosynthetic genes were chosen for analysis in this study coding for the following enzymes, caffeoyl CoA O-methyltransferase (EC 2.1.1.104; CCoAOMT), caffeic acid O-methyltransferase (EC 2.1.1.68; COMT), and cinnamyl alcohol dehydrogenase (EC 1.1.1.195; CAD). Downregulation of CCoAOMT has resulted in a 12% to over 50% reduction in lignin content and a reduction in the S:G ratio (Meyermans et al. 2000; Zhong et al. 2000; Baucher et al. 2003) . Declines in the S:G ratio have also been observed in transgenic poplar with downregulated COMT expression, in addition to the indicative reddish-brown coloration from the incorporation of coniferaldehyde (Lapierre et al. 1999; Jouanin et al. 2000; Pilate et al. 2002; Baucher et al. 2003) . The decline in the S: G ratio and the incorporation of coniferaldehyde have also been observed in a wide range of plant species with downregulated CAD expression with reduced lignin content (Baucher et al. 1996; Ralph et al. 1997; Lapierre et al. 1999; Dauwe et al. 2007) . Since discrepancies still remain as to whether or not COMT and CAD suppression results in total lignin reductions, they were of particular interest in the present study.
The goal of this study was to determine whether the patterns of expression of key cell wall biosynthetic genes in developing willow shoots are correlated with variation in the biomass chemical composition of harvest age woody stems. This would allow for the early selection of new willow genotypes with differences in biomass chemical composition, based on early expression data and not composition determined from 3-year-old tissue. This was also conducted as a pilot study for future candidate gene association genetics and potential eQTL mapping, similar in approach to Hu et al. (1999) , Wagner et al. (2009), and Voelker et al. (2010) , where RNA expression of 4-coumarate:coenzyme A ligase in young stem tissue was correlated to total lignin content in mature wood. Expression analysis was accomplished through probe-based quantitative real-time PCR assays of transcript abundance of specific key genes involved in cellulose, hemicellulose, and lignin biosynthesis among sibling members of an F 1 hybrid family of Salix sachalinensis × Salix miyabeana. Finally, correlations were made between gene expression and variation in biomass chemical composition assayed by high-resolution thermogravimetric analysis (HR-TGA). Previous TGA analyses of the biomass chemical composition of selected high-yielding shrub willow varieties identified compositional differences among clones of different species and within hybrid families (Serapiglia et al. 2008 (Serapiglia et al. , 2009 ). Thermogravimetric analysis has been extensively used to individually resolve the three woody biomass components, cellulose, hemicellulose, and lignin in a range of woody species and tissues, and the thermal decomposition of these three components at specific temperature ranges is widely accepted (Shafizadeh and Chin 1977; Raveendran et al. 1996; Orfao et al. 1999; Mészáros et al. 2004; Stipanovic et al. 2004; Yang et al. 2006 Yang et al. , 2007 Wang et al. 2008; Singh et al. 2009 ).
Experimental procedures
Source material and tissue collection A total of eight genotypes (two parental individuals and six hybrid progeny) were chosen from the family designated as 9970 (S. sachalinensis × S. miyabeana). Five of the progeny were chosen at random, but genotype 9970-036 was selected for analysis, because it is a commercial cultivar, 'Canastota,' that is being grown as a biofuels feedstock. For biomass chemical compositional analysis, willow stem biomass samples from the two parental genotypes and the six hybrid progeny genotypes were harvested in January 2006 from the Tully Genetics Field Station (Tully, NY) after the third growing season after first coppice. Three replicate plants for each genotype were selected for analysis, with the exception of 9970-036, of which only one replicate was available. All samples were collected as follows: 15-cm sections including bark were cut from the base, middle, and top of one representative canopy stem. These stem sections were dried to constant weight at 65°C and then ground in a Wiley mill with a 20-mesh screen. The ground material from the three sections of each stem was pooled and homogenized to provide a representative sample for the composition of bulk biomass at harvest age.
For molecular analysis of the family, the eight genotypes (two parents and six offspring) from the 9970 family were planted in May 2007 at the SUNY-ESF Tully Genetics Field Station in Tully, NY in a randomized complete block design with four blocks and four plants per plot. Shoot apex and young stem tissue were collected from the top 12 cm of the stem for gene expression studies in May of 2008 during the beginning of the growing season (following the first coppice). Three stems from one plant from each replicated block were sampled for a total of three biological replicates per genotype. The apical shoot portion consisted of the shoot apex, leaf primordia, young folded leaves, and stem tissue down to the first unfolded leaf as a representation of primary cell wall development (Fig. 1) . The young developing stem tissue consisted of the first seven excised internodes below the first unfolded leaf (Fig. 1) . Preliminary histochemical staining of stem cross-sections with phloroglucinol to HCl has indicated that secondary cell walls and vascular cambium develop and secondary growth occurs in the seven internodes excised for gene expression profiling (Supplemental Fig. S1 ). Both tissue types were immediately frozen in liquid nitrogen before grinding for RNA extractions.
Biomass chemical compositional analysis
All willow samples were analyzed using a Thermogravimetric Analyzer 2950 (TA Instruments, New Castle, DE) with the TA Universal Analysis 2000 software according to Serapiglia et al. (2009) . The method used was "high-resolution dynamic" with a heating rate of 20°C min −1 , a final temperature of 600°C, a resolution of 4.0, and a sensitivity value of 1.0. The electrobalance was purged with nitrogen at a flow rate of 44 mL min −1 , and the furnace was purged with compressed air with a flow rate of 66 mL min −1 . For each analysis, 10 mg of dry tissue was used. The percent dry weight for each stem biomass component, hemicellulose, cellulose, and lignin was determined using the method developed by Serapiglia et al. (2009) . The initial dry weight was corrected for moisture content. Each biological replicate was analyzed with three instrumental replicates. HR-TGA was selected as an analytical tool in this study since it represents a "high throughput" technique (1-2 h/sample; 16 samples per day) that is very repeatable and is sensitive to compositional differences in woody samples.
RNA extractions and cDNA synthesis RNA was extracted from the shoot apex and young stem tissue using a modified hot borate extraction method (Wan and Wilkins 1994) . The synthesis of first-strand cDNA was performed using the Superscript® III First Strand Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol using random hexamers for amplification. A total of 8 μg of DNase treated RNA was used for each reaction.
Cloning of partial cDNAs
Degenerate primers were designed for the amplification of gene fragments for the following genes: COMT1, COMT2, CCoAOMT1, CCoAOMT2, CAD4, UDP-GD, and representatives of specific GT families CesA, GT47A, GT47B, GT47C, and GT8 (Supplemental Table S1 ). All PCR reactions were performed using a iCycler iQ™ thermocycler (Bio-Rad Laboratories, Hercules, CA). The reaction conditions for all gene fragment amplifications except CesA were as follows: 5 min at 95°C; 35 cycles of 45 s at 95°C, 45 s at melting temperature indicated in Supplemental Table S1 , and 60 s at 72°C; 7 min at 72°C; and ending with a 4°C hold. Amplifications of CesA gene fragments were performed using a reaction protocol taken from Liang and Joshi (2004) and were as follows: 10 min at 95°C; 2 cycles of 60 s at 95°C, 60 s at 41°C, and 2 min at 72°C; 35 cycles of 60 s at 95°C, 90 s at 55°C, and 2 min at 72°C; 7 min at 72°C; and ending with a 4°C hold. All PCR fragments were cloned into the pCR 2.1-TOPO® vector and were used to transform One Shot® TOP10F' chemically competent Escherichia coli according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Plasmid DNA was isolated from screened colonies using alkaline lysis followed by silica guanidine thiocyanate miniprep purification (Carter and Milton 1993) . Plasmids from approximately 20 colonies for each gene amplified from both S. sachalinensis and S. miyabeana cDNA were sequenced to identify highly expressed genes, except for plasmids with CesA inserts, for which plasmids from over 100 colonies were sequenced to identify multiple CesA genes.
Sequence analysis
All partial cDNAs for each gene of interest were analyzed with BioEdit 7.0 (Hall 1999) . BLASTN searches were performed at the NCBI server (http://ncbi.nlm.nih.gov/BLAST/) (Zhang et al. 2000) and in both version 1 (http://genome. jgi-psf.org/Poptr1_1/Poptr1_1.home.html) and version 2 (http://www.phytozome.net/poplar.php) of the P. trichocarpa genome. ClustalW multiple alignments and percent identity scores were performed with BioEdit 7.0 (Hall 1999) . Annotation of all lignin biosynthetic genes studied was based on the P. trichocarpa version 1 and version 2 and homology to annotated A. thaliana genes. Annotation for all glycosyltransferase genes was based on homology to genes identified in Aspeborg et al. (2005) and Geisler- . Additional annotation for all cellulose synthase genes was performed based on P. trichocarpa genome assembly gene model homology to sequences in Kumar et al. (2009) . All partial genes isolated were submitted to the NCBI server, and accession numbers are provided in Supplemental Table S2 .
Expression analysis by probe-based real-time quantitative PCR Primers and dual-labeled probes were designed according to corresponding sequences identified in S. sachalinensis and S. miyabeana. PCR amplification was done in a volume of 50 μL and contained 1 μg of either cDNA template or the plasmid standard in 1× IQ Supermix (Bio-Rad Laboratories), and corresponding probe and primer pairs with concentrations indicated in Supplemental Table S3 . Expression assays were optimized for probe and primer concentrations and for all assays standard curves were fit to a linear model with R 2 values above 0.90, and PCR efficiencies ranged from 90% to 120%. Amplification specificity of the primers was verified by melt-curve analysis. Actin was used as the reference gene (Brunner et al. 2004 ). All real-time PCR reactions were performed using an iCycler iQ™ (Bio-Rad Laboratories). After the collection of well factors, the reaction protocol was as follows: 3 min at 95°C, and 45 cycles of 10 s at 95°C and 60 s at 60°C. Quantification of gene expression was done with the standard curve method based on the mean of three experimental replicates. Starting quantities of each gene of interest were normalized relative to the starting quantity of Actin by dividing the starting quantity of the gene by that of Actin. The starting quantity values normalized to Actin expression were further normalized to values of 'SX61' expression in the apex tissue in a similar manner.
Statistical analysis
Statistical analyses were performed using SAS® version 9.1.2 at a critical α00.05 (SAS Institute Inc.). A two-way ANOVA was performed using PROC GLM to analyze significant differences among biomass chemical composition and gene expression profiles among genotypes for experimental replicate and variety. Each tissue type was analyzed independently of each other. The variance components for the total data set, between and within varieties, and within instrumental replicate were estimated with nested random effects by PROC NESTED. A two-way ANOVA was performed using PROC GLM to analyze significant effects by replicate and tissue type. When a significant interaction (P<0.05) was observed, Tukey's mean studentized range test was used for pairwise comparisons among genotypes. Pearson correlations were performed using PROC CORR to identify any significant correlations among gene expression patterns and cell wall composition, using the mean values for both composition and gene expression.
Results and discussion
The ability to generate and select for variation in biomass chemical composition through breeding will allow for identification of genotypes best suited for different conversion technologies. The 9970 genetic field study, consisting of the two parental genotypes, S. sachalinensis and S. miyabeana and their progeny, was established with the intention of characterizing gene expression patterns associated with cell wall biosynthesis and relating those with biomass chemical composition in different progeny genotypes. Both parental genotypes and hybrid progeny were used in the study of expression profiles of the genes identified in this research, with the result that unique expression profiles and differences in expression between the progeny and the parents were observed. Variation in gene expression could potentially be a good indicator of the underlying additive genotypic variation associated with a trait, in this case biomass chemical composition (Kirst et al. 2005; Voelker et al. 2010) . For this particular interspecific family, the variation in expression observed within the family may be due to recombination within each parent, as well as the allelic, epistatic, and environmental interactions among the progeny genotypes. Based on flow cytometry analysis of nuclear DNA content, S. sachalinensis, S. miyabeana, and the progeny genotype '9970-036' have been identified as tetraploid (Cameron et al. 2010 ). There could be up to four alleles for each gene present within each parental genome, not including previously duplicated genes. It is not known how many alleles are contributing to the expression profiles observed in this study, nor the alleles specific to each parental genotype and how they may have been recombined within the progeny, but this study does verify that there are quantifiable differences.
Biomass chemical composition of selected members of the 9970 family Harvest age (3-year-old) stem biomass from the two parental genotypes, S. sachalinensis 'SX61' and S. miyabeana 'SX64', and from six progeny of the S. sachalinensis 'SX61' × S. miyabeana 'SX64' family 9970 was analyzed using HR-TGA, according to Serapiglia et al. (2009) . Significant differences in cellulose, hemicellulose, and lignin content were identified among all eight genotypes (Fig. 2) , but between the parental genotypes, only hemicellulose content differed significantly. Genotype 9970-014 had high cellulose content and was the only progeny genotype with cellulose content that was significantly different from that of one of the parents (S. miyabeana 'SX64'). Genotype 9970-052 had high hemicellulose content, which was significantly different from that of both parents. Lignin content in 9970-014 was the only genotype significantly lower than that in the parents. Analysis of the total variance in the data set showed that over 70% of the total variance was due to variation between the varieties for each of the three biomass components, and only a small amount of variance was due to experimental and instrumental replication.
Cloning and expression profiles of selected genes Partial-length cDNAs from genes coding for enzymes involved with lignin, cellulose, and noncellulosic polysaccharide biosynthesis were isolated from the two parental genotypes, S. sachalinensis and S. miyabeana, for which there are no published reports of any cloning of cell wall biosynthetic genes (Supplemental Table S2 ). Gene fragments corresponding to cloned cDNAs were named with the prefix "Ssa" for those isolated from S. sachalinensis and "Smi" for those isolated from S. miyabeana. In this study, all cloned gene fragments aligned with conserved paralogs in P. trichocarpa subfamilies. When we compared polymorphisms between willow, P. trichocarpa, and A. thaliana, we observed the expected degree of sequence divergence, with gene fragments from willow being highly similar to coding regions in P. trichocarpa. Corresponding A. thaliana sequences were less similar to willow than poplar, with identity scores of 47% to 80%. Comparisons of the same gene fragments cloned from S. sachalinensis and S. miyabeana indicated that the gene sequences were over 99% identical. Single-nucleotide polymorphisms (SNPs) unique to each species could also be identified but were rare. SNPs present in similar sequences of the same gene may be indicative of allelic variation.
Lignin biosynthetic genes
Fragments of three genes involved with monolignol biosynthesis and known in P. trichocarpa to be strongly associated with lignin biosynthesis, CCoAOMT1, COMT2, and CAD4, were amplified from willow. Only a single gene fragment of CCoAOMT was amplified from S. sachalinensis and S. miyabeana and was highly similar to PtrCCoAOMT1 (95% identity; POPTR_0009s10270). Similarly, only a single gene fragment of COMT was amplified from S. sachalinensis and S. miyabeana and was most similar to PtrCOMT2 (91% identical; POPTR_0012s00670). A single SNP, a C/T substitution, was identified between SsaCOMT2 and SmiCOMT2 sequences; the T being unique to SmiCOMT2. For CCoAOMT1, no SNPS between the two species were identified. The sequences of SsaCAD4 and SmiCAD4 from willow were all 95% identical to PtrCAD4 (POPTR_0009s09870), and no SNPs between S. sachalinensis or S. miyabeana were identified.
Gene expression profiles of these three genes were analyzed among the 9970 family parents and progeny. There were apparent differences in CCoAOMT1 expression among 9970 progeny. Expression levels were higher in the shoot apex than in the young stem of SX61, SX64, and 9970-014 (Fig. 3 ). There were no significant differences in COMT2 expression in either tissue among the genotypes analyzed (Fig. 3) . CAD4 gene expression in SX64 young stem tissue was significantly greater than the other seven genotypes (Fig. 3) . Likewise, gene expression of CCoAOMT1 was greatest in SX64 young stems than in the other genotypes. Higher CAD4 gene expression was observed in the shoot apex than the young stem in three genotypes, SX64, 9970-024, and 9970-036. Asterisks indicate significant differences between tissues. A lack of asterisks indicates no significant differences were identified. Actin was used as the constitutive control. a Caffeic acid O-methyltransferase (COMT2), b caffeoyl CoA O-methyltransferase (CCoAOMT1), and c cinnamyl alcohol dehydrogenase (CAD4)
In our study, most genotypes had similar gene expression for COMT2, CAD4, and CCoAOMT1 between the two tissue types. Since lignin deposition is necessary for normal xylem development and this process coincides with secondary cell wall development in primary xylem, it can be concluded that both tissue types analyzed in this study captured both developing and differentiating xylem. This is supported by the gene expression data. These results are comparable to studies in P. trichocarpa that have shown PtrCCoAOMT1, PtrCOMT2, and PtrCAD4 to be abundantly expressed only in differentiating xylem Barakat et al. 2009; Shi et al. 2010 ).
Glycosyltransferases and the synthesis of noncellulosic polysaccharides
The P. trichocarpa genome, queried with SsaUDP-GD and SmiUDP-GD, retrieved two gene matches from BLAST searches (POPTR_0004s11760 and POPTR_0017s12760). It is possible that this is a duplicated gene, as a result of the genome duplication or a separate gene family member. Analysis of the UDP-GD gene family in A. thaliana has identified four UDP-GD genes (Klinghammer and Tenhaken 2007) , and the size of this gene family in P. trichocarpa has yet to be determined. The probe and primers designed for gene expression studies were designed only for those that aligned to the P. trichocarpa sequence on LG IV. Expression profiling of UDP-GD in this study revealed significant differences among the members of the 9970 family (Fig. 4) . Gene expression of UDP-GD was similar in both parental genotypes for both tissue types, but the expression in all of the progeny in the shoot apex and the young stem was lower than in the parents (Fig. 4) . Expression was significantly greater in the young stem compared to that in the shoot apex for most individuals. These results support UDP-GDs involvement in cell wall development and complement the work done by Johansson et al. (2002) that showed high expression in developing xylem and young leaves of one UDP-GD gene in P. tremula × P. tremuloides.
Two members of the GT8 gene family were identified in S. sachalinensis and S. miyabeana that aligned well to PttGT8B (ortholog of POPTR_0005s06280) and PttGT8C (ortholog of POPTR_0007s04030). These two genes are Asterisks indicate significant differences between tissues. A lack of asterisks indicates no significant differences were identified. Actin was used as the constitutive control. a UDP-glucose dehydrogenase (UDP-GD), b glycosyltransferase family 8 (GT8C), c GT47A1, d GT47A2, e GT47B, and f GT47C approximately 90% identical to each other. Primers and probes were designed specifically to amplify only the GT8C gene. The expression profile observed for GT8C displayed variation in expression among the members of the 9970 family and much greater expression in the young stem tissue than in the shoot apex (Fig. 4) . For the shoot apex, the parental genotypes had low expression of GT8C compared to most of the progeny. In the young stem, expression was relatively similar for all the genotypes except for two of the progeny, but overall expression in the young stem was 2 to 40 times greater than in the shoot apex. Similar to our study, a GT8 gene in Pinus sitchensis, closely related to GAUT14 in A. thaliana (a member of the GT8C subfamily), showed an 18-fold increase in expression from the apical shoot tip to the woody stem below the tip (Friedmann et al. 2007) .
Sequences from the GT47 family amplified from S. sachalinensis and S. miyabeana were similar to two members from the GT47A subfamily in P. trichocarpa, indicated as GT47A(1) (POPTR_0001s12940) and GT47A(2) (POPTR_0012s11100); one member from the GT47B subfamily (POPTR_0013s06370); and one member from the GT47C subfamily (POPTR_0009s01200). Expression profiling of GT47C in the 9970 willow family did not show any significant differences among genotypes. Only 9970-046 showed a significant increase in expression in the young stem compared to the shoot apex. Significant differences in expression among the genotypes were observed for GT47A (1) and GT47B in the shoot apex tissue and for GT47A(1) and GT47A(2) in the young stem tissue (Fig. 4) . GT47A(2) expression was greater in young stem tissue compared to shoot apex tissue, but this was not observed for GT47A(1). Expression levels in the parental genotypes were significantly different for GT47B in the shoot apex tissue with SX64 and 9970-014 having the greatest expression. Our analysis supports other studies that have shown that GT47A(2) is associated with secondary cell wall growth (Brown et al. 2009 ). The irx10 gene identified in the xylan deficient mutant, IRREGULAR XYLEM10 in A. thaliana, a member of the GT47A subfamily, is critical for xylan development and normal secondary cell wall biosynthesis (Brown et al. 2009 ). In contrast, GT47A(1) expression profiles suggest a different role unrelated to secondary cell wall formation.
Cellulose synthase
Gene fragments representing ten cellulose synthase genes were identified in S. sachalinensis or S. miyabeana and are numbered according to Kumar et al. (2009) . The PCR primers used for amplification of cellulose synthase were designed from the highly conserved subdomains flanking the second hypervariable region (HVR, Liang and Joshi 2004) . HVRs, also named class-specific regions, are highly variable among the CesA paralogs within the same species, but are highly conserved among the CesA orthologs from different species. All amplified regions and the genes they represented were aligned to the orthologous CesA genes from P. trichocarpa: PtiCesA1, PtiCesA3, PtiCesA4, PtiCesA6, PtiCesA7, and PtiCesA8 (Table 1) . They also aligned with the corresponding orthologs in A. thaliana. Two distinct Table 1 Paralogs and orthologs of cellulose synthase genes identified in S. sachalinensis, S. miyabeana, A. thaliana, E. grandis, and P. trichocarpa S. sachalinensis, S. miyabeana A. thaliana E. grandis (Ranik and Myburg 2006) P. trichocarpa P. trichocarpa (Kumar et al. 2009 )
genes from each of the subgroups CesA1, CesA6, CesA7, and CesA8 were identified in S. sachalinensis or S. miyabeana. Only one isoform was identified for each of the genes CesA3 and CesA4. Since the sequences within each subgroup are highly similar with very few SNPs, it was not possible to design primer and probes to distinguish between the two genes in each subgroup. For the six CesA subgroups studied in willow expression levels were not significantly different between the parental genotypes in both tissues (Fig. 5) . The highest level of CesA7 and CesA8 expression in the shoot apex was observed for 9970-014. In the shoot apex tissue CesA1, CesA4, and CesA6 expression levels were significantly different among the progeny genotypes, while CesA3 was not. The expression of CesA1, CesA3, and CesA4 was greater in the shoot apex compared to the young stem for the progeny in the 9970 family and their parental genotypes. The expression of CesA1 in the shoot apex was negligible in 9970-014 and 9970-024. In the majority of the progeny, CesA4 and CesA6 expression levels were greater than in the parental genotypes. In young stems, CesA4 expression was greater in 9970-052 than in the other progeny, while gene expression of CesA6 in young stems of 9970-052 was greater than 9970-014, 9970-024, and 9970-036. There were no significant differences in expression in any of the genotypes for either CesA1 or CesA3 in the young stem.
Corresponding CesA genes identified in S. sachalinensis and S. miyabeana were determined by sequence identity to A. thaliana, P. trichocarpa, and Eucalyptus grandis (Table 1, Joshi et al. 2004; Ranik and Myburg 2006; Kumar et al. 2009 ). Phylogenetic comparisons of A. thaliana and P. trichocarpa show that PtiCesA4, PtiCesA7, and PtiCesA8 are orthologous to the secondary cell wall genes in A. thaliana, AtCesA4, AtCesA7, and AtCesA8, respectively ). In addition, PtiCesA1, PtiCes2, PtiCesA3, and PtiCesA6 are orthologous to the primary cell wall genes in A. thaliana, AtCesA1, AtCesA2, AtCesA3, and AtCesA6, respectively. Functional characterization of CSCs through immunoprecipitation assays using developing xylem tissue from Populus deltoides × P. trichocarpa indicated the presence of two types of CSCs (Song et al. 2010 ). Similar to A. thaliana, secondary cell wall formation involves a "type I" CSC made up of the proteins, Pd×tCesA4, Pd×tCesA7A and B, and Pd×tCesA8A and B. Letters above each bar indicate the results of mean separation test among genotypes. Asterisks indicate significant differences between tissues. A lack of asterisks indicates no significant differences were identified. Actin was used as the constitutive control. a CesA1, b CesA3, c CesA4, d CesA6, e CesA7, and f CesA8
However, the "type II" CSC is associated with both primary and secondary cell wall formation, made up of the proteins Pd×tCesA1A and B, Pd×tCesA3A and B, and Pd×tCesA6A and B. These findings suggest the possibility that secondary cell wall cellulose microfibrils are synthesized by different types of CSCs. In our study with willow, gene expression profiles of CesA4 and CesA6 agree with the findings of Song et al. (2010) . However, higher gene expression of CesA1 and CesA3 in the young stem tissue compared with the shoot tip does not support their involvement in primary cell wall development, nor do the gene expression profiles of CesA7 or CesA8 indicate association with secondary cell wall formation. Further expression studies will need to be done to clarify why these obvious differences in transcript abundance were observed. In spite of this, CesA4 gene expression was strongly correlated to CesA7 (R 2 00.75) and CesA8 (R 2 00.91) expression in the stem tissue, indicating the possible relationship between the three in cell wall development.
Gene expression and correlations to biomass chemical composition
In this study, we correlated expression profiles in the shoot tip and young stem to biomass compositional data as a preliminary analysis of potential candidate genes. This method of analysis is based on the basic evolutionary principle that variations in gene expression can be directly associated with variation in the phenotype (Doebley and Lukens 1998; Carroll 2000; Stern 2000; Bergmann et al. 2003) . Intraspecific variation in gene expression has been used to study changes in various phenotypic traits (Broekgaarden et al. 2010; Machabo and Cruzan 2010) . Patterns of differential gene expression were correlated with variations in total polysaccharide content (percentage hemicellulose and percentage cellulose) and lignin composition of stem biomass from the two parents and six progeny (Table 2 ). Gene expression of COMT2 was not included in the correlation analysis, since gene expression was not significantly different within the progeny. For this analysis, α was set at 0.1, with a threshold for correlation coefficients above 0.6 for all positive correlations or below −0.6 for negative correlations. Strong correlations (P<0.05) were observed with both CesA4 and UDP-GD transcript abundance in the shoot apex with lignin (R 2 00.86 for CesA4 and 0.75 for UDP-GD) and total polysaccharide (R 2 00.78 for CesA4 and 0.68 for UDP-GD) content (Fig. 6) .
Based on the expression analysis and correlations to biomass chemical composition, critical information was obtained about how gene expression may impact final composition and, subsequently, total biomass chemical composition. Notably, all correlations for gene expression profiles with biomass chemical composition were observed with apical shoot tissue, with the exception of CesA1 young stem (Table 2 ). In willow, the apical shoot initiates stem growth and establishes the foundation for all concomitant and successive secondary stem growth and development. The development of the primary vascular system paves the way for wood formation and fully lignified mature secondary xylem. The gene expression associated with the development of the apical shoot may be vital to secondary wood growth and formation having a significant impact on final biomass chemical composition.
Both COMT1 and CAD4 are necessary for lignin biosynthesis, but they may or may not significantly impact the lignin content in the cell wall expressed as percent of dry matter. The lack of correlations with COMT1 levels and lignin content observed in this study support a lack of impact on lignin biomass chemical composition, but there may be an effect on lignin chemistry, which we cannot resolve by HR-TGA. There was a weak positive trend with lignin content and CAD4 expression, as well as a negative Correlations with P values <0.1 are indicated in bold relationship with polysaccharide content, which may indicate some impact on compositional variation. If a future goal is to select for variation in S to G composition in willow biomass, further analysis with respect to COMT and CAD4 expression may be warranted. In contrast to COMT1 and CAD4, downregulation of CCoAOMT2 has led to a decrease in total lignin content and S and G units (Meyermans et al. 2000; Baucher et al. 2003; Day et al. 2009 ). Our study showed a weak relationship between CCoAOMT2 gene expression and lignin content, and a negative relationship with polysaccharide content (Table 2) . Future studies of gene expression could focus on other lignin biosynthetic enzymes, such as coumaroyl shikimate 3-hydroxylase and ferulate 5-hydroxylase, which may have a stronger correlation to lignin content (Chen and Dixon 2007; Elissetche et al. 2011) .
A common observation in cell wall manipulation has been the compensatory nature of the cell wall, where a loss of lignin has been offset by an increase in the polysaccharide counterpart (Sticklen 2006; Chen and Dixon 2007) . The reverse holds true as well. Increased expression levels of UDP-GD in transgenic alfalfa resulted in plants with decreased cell wall polysaccharide content and a concomitant increase in Klason lignin content (Samac et al. 2004) . It was speculated that redirecting more UDP-glucose to UDP-GD would reduce the flux to cellulose biosynthesis and result in increased lignin content. Our study revealed a direct correlation of UDP-GD gene expression with lignin content and a negative correlation with polysaccharide content ( Fig. 6; Table 2 ). This strong correlation observed in our study indicates that UDP-GD has a significant impact on cell wall development.
In addition, expression profiles of GT8C and most of the CesA genes were negatively correlated with lignin content. Only CesA4 showed a direct correlation with cellulose content (Fig. 6) . These results support the hypothesis that higher polysaccharide content results in lower lignin content and could possibly show a strong relationship with gene expression and carbon sinks. Increased CesA gene expression would result in increases in the carbon fraction directed to cellulose biosynthesis, concurrently reducing the amount of carbon entering the phenylpropanoid pathway for lignin biosynthesis reducing total lignin content.
The analysis of shrub willow biomass accomplished throughout this research has enhanced the understanding of candidate structural genes that could potentially impact total biomass chemical composition in this emerging feedstock crop. This study represents one of the first analyses on cell wall development in shrub willow, showing differential transcript accumulation of candidate genes among genotypes and two distinct tissue types. This study also shows that early stages of cell wall development and stem growth can be correlated to final mature wood composition and the potential use of early gene expression as a selection tool in the breeding process. This would greatly reduce the time required to select new genotypes based on compositional characteristics. Gene expression analysis could potentially be performed on very young progeny, even prior to field selection, to provide insight into the chemical composition of their future biomass. In addition, these preliminary results will allow future research in shrub willow to progress toward the identification of important genes that control wood formation and cell wall development and toward the development of marker-assisted selection. Further sequencing of the Salix genome will provide tools for expanded analysis of these networks controlling biomass chemical composition. Future research with candidate gene association mapping is promising and has the potential to enhance the breeding process for elite shrub willow varieties for bioenergy.
